Actin depolymerizing factors (ADF) are stimulus responsive actin cytoskeleton modulating proteins. They bind both monomeric actin (G-actin) and filamentous actin (F-actin) and, under certain conditions, F-actin binding is followed by filament severing. In this paper, using mutant maize ADF3 proteins, we demonstrate that the maize ADF3 binding of F-actin can be spatially distinguished from that of G-actin. One mutant, zmadf3-1, in which Tyr-103 and Ala-104 (equivalent to destrin Tyr-117 and Ala-118) have been replaced by phenylalanine and glycine, respectively, binds more weakly to both G-actin and F-actin compared with maize ADF3. A second mutant, zmadf3-2, in which both Tyr-67 and Tyr-70 are replaced by phenylalanine, shows an affinity for G-actin similar to maize ADF3, but F-actin binding is abolished. The two tyrosines, Tyr-67 and Tyr-70, are in the equivalent position to Tyr-82 and Tyr-85 of destrin, respectively. Using the tertiary structure of destrin, yeast cofilin, and Acanthamoeba actophorin, we discuss the implications of removing the aromatic hydroxyls of Tyr-82 and Tyr-85 (i.e., the effect of substituting phenylalanine for tyrosine) and conclude that Tyr-82 plays a critical role in stabilizing the tertiary structure that is essential for F-actin binding. We propose that this tertiary structure is maintained as a result of a hydrogen bond between the hydroxyl of Tyr-82 and the carbonyl of Tyr-117, which is located in the long ␣-helix; amino acid components of this helix (Leu-111 to Phe-128) have been implicated in G-actin and F-actin binding. The structures of human destrin and yeast cofilin indicate a hydrogen distance of 2.61 and 2.77 Å, respectively, with corresponding bond angles of 99.5°and 113°, close to the optimum for a strong hydrogen bond.
The actin cytoskeleton forms a dynamic network in eukaryotic cells, which can reorganize itself in response to a variety of stimuli. These reorganizations are coordinated by a plethora of actin binding proteins the functions of which may be controlled by numerous signals including Ca 2ϩ , phosphoinositides, pH, or reversible phosphorylation (1) (2) (3) . Few actin binding proteins have been identified in higher plants, and little is known about the regulation of actin dynamics in plant cells. One of the most dramatic examples of actin reorganization in plants occurs in pollen development. As pollen grains enter dormancy, F-actin is condensed into spiculate aggregates; during pollen germination and tube growth these are replaced by a microfilament array that is required for tip growth (4) (5) (6) . The identification in pollen grains of specifically expressed isogenes of plant profilin and actin depolymerizing factor has led to the suggestion that these proteins may be specifically involved in the dynamics of this actin reorganization (7) (8) (9) . Both the plant profilins and the plant actin depolymerizing factors have been shown to function in vitro in a manner similar to their animal and fungal counterparts (8) (9) (10) .
The actin depolymerizing factor (ADF) group of proteins, which includes cofilin (11) (12) (13) (14) , vertebrate ADF (15) or destrin (16, 17) , depactin (18) , actophorin (19) and, more recently, maize ADF, ZmADF (previously named maize actin binding protein, ZmABP, in refs. 9 and 20) interact with both monomeric and filamentous actin, in vitro, and sever filaments (9, 17, (21) (22) (23) . The members of the ADF group show a high conservation of primary structure and function. In yeast, the single cofilin gene is essential for cell viability, but can be replaced in gene disruption experiments by mammalian cofilin (12) . Binding to actin is regulated by phosphoinositides (24) and phosphorylation (25) (26) (27) . Overexpression of cofilin in mammalian cells caused disruption of pre-existing actin structures and induced cytoplasmic actin bundles (27) , whereas overexpression of the endogenous cofilin in Dictyostelium discoideum stimulated cell movement and membrane ruffling (28) . Thus, the ADF group of proteins performs a critical role in modulating the dynamics of the actin cytoskeleton.
Two regions in pig cofilin have been shown to be essential for actin binding. The region of cofilin Ala-105 to Met-115 can be chemically crosslinked to the N terminus of actin and a synthetic dodecapeptide containing this sequence (Trp-104 to Met-115) inhibits actin polymerization (29) . Mutation analysis showed that both Lys-114 and Lys-112 play an essential role in actin binding and actin depolymerizing activity. Lys-112 has also been implicated as one of the amino acids involved in cofilin's interaction with PIP 2 (22, 30) . Competition studies using a synthetic heptapeptide patterned on the sequence Asp-122 to Leu-128 suggest that this region may also constitute part of the actin binding domain (31) . These actin and PIP 2 binding regions are highly conserved in the equivalent plant ADF sequences (9) . The tertiary structures of destrin, yeast cofilin, and Acanthamoeba actophorin have recently been reported from nuclear magnetic resonance studies (32) and x-ray analysis (33, 34) . All three structures have the same basic fold and show that the two sequences, Trp-104 to Met-115 and Asp-122 to Leu-128 in destrin are located at the N and C termini, respectively, of the long ␣-helix starting at Leu-111 and terminating at Phe-128.
The activity of destrin and cofilin is regulated by phosphorylation of Ser-3 (26, 27) , equivalent to Ser-6 in the plant ADF sequences (9) . Phosphorylation inhibits interaction with actin, whereas dephosphorylation promotes interaction. Under certain conditions, cofilin and actin form intranuclear cofilin:actin rods and a nuclear localization signal has been identified between Lys-19 and Lys-34 (32, 35, 36) . Cofilin is dephosphorylated prior to translocation into the nucleus. Ser-3 is located close to the actin binding long ␣-helix in the tertiary structure of destrin, and it has been proposed that phosphorylation of this residue may perturb the function of Lys-112 (32). The nuclear localization signal is located at the opposite side of the actin contact in the tertiary structure, and phosphorylation of Ser-3 appears to inhibit its action (32) .
In this paper we describe the properties of two mutant maize ADF3 proteins, zmadf3-1 and zmadf3-2. zmadf3-1 has two amino acid substitutions; tyrosine at position 103 and alanine at 104 are replaced by phenylalanine and glycine, respectively. This mutant protein binds weakly to both G-and F-actin. zmadf3-2 has the tyrosines at positions 67 and 70, each replaced by phenylalanine. zmadf3-2 binds G-actin in a similar manner to maize ADF3, but does not bind F-actin. Both mutant proteins inhibit the assembly and disassembly of actin as compared with maize ADF3. These data are discussed in relation to the tertiary structures of destrin (32) and yeast cofilin (33) .
MATERIALS AND METHODS
Amino Acid Sequence Comparisons. All the actin depolymerizing factor-like sequences in the GenBank and EMBL databases were compared using the PILEUP program, and ZmADF3 was compared directly to either destrin or yeast cofilin using the BESTFIT program in the GCG (Madison, WI) package (37) .
Site-Directed Mutagenesis. Each of the mutant cDNAs was generated using four primers in two PCR reactions using ZmADF3 (previously named ZmABP3 in ref. 9 ) as template DNA, subsequent splicing together of the two resulting fragments, and cloning into a bacterial expression vector. The primers used to generate zmadf3-1 are: primer 1 (NdeI͞R mutation) GCACGAGCTCGCCCCATATGGCGAACGC-GCGTTCGGGT; primer 2 (BamHI͞FG mutation) CTGGT-T TGAGGATCCGA AA AGCATCT TGCTCT TCACCT; primer 3 (BamHI) AGAGCGAGCTCCTTTACGGATCCT-CAAACCAGAAATTCAAGA; primer 4 (HindIII) ACTC-GCGAAAGCTTTGCGCTAGCGTGCCCGAT.
The primers used to generate zmadf3-2 are: primer 1 (NdeI͞R mutation) GCACGAGCTCGCCCCATATGGCGA-ACGCGCGTTCGGGT; primer 2 (EcoRI͞FF mutation) AG-TCGA AT TCGA AGATCGCGA ATCGGCAGTCAT TC-TCAGGGA; primer 3 (EcoRI) GCCGAGAGCTCATCTAT-GAATTCGACTTTGTTACTGCAGA; primer 4 (HindIII) ACTCGCGAAAGCTTTGCGCTAGCGTGCCCGAT.
The first reactions to amplify the 5Ј regions used primers 1 and 2 for each mutant cDNA prepared. In each case, primer 1 includes a codon change for Arg-5 from AGA to CGT, which is more compatible for Escherichia coli expression, and primer 2 harbors the codon changes to introduce the mutations: for zmadf3-1, Tyr-103͞Ala-104 to Phe-103͞Gly-104; for zmadf3-2, Tyr-67͞Tyr-70 to Phe-67͞Phe-70. The second reaction to amplify the 3Ј regions used primers 3 and 4 for each mutant cDNA. All primers included appropriate restriction enzyme sites for splicing the 5Ј and 3Ј regions together before cloning the final product in the correct reading frame in the E. coli expression vector pMW172. Both mutated clones were sequenced to ensure that no extraneous mutations had occurred.
PCR. The ZmADF3 template DNA (10 ng) was amplified in the presence of 300 ng of primer, 0.5 mM dNTPs, 1.5 mM MgCl 2 , 50 mM KCl, 10 mM Tris⅐HCl (pH 8.3), 0.01% (wt͞vol) gelatine, and 2.5 units of AmpliTaq (Perkin-Elmer͞Cetus) for 30 cycles at 60°C using an Hybaid Omnigene thermocycling apparatus. PCR products for ligations were purified on 1.5% (wt͞vol) agarose gels and the DNA was electroeluted, phenol͞ chloroform extracted, and ethanol precipitated.
Protein Purification. ZmADF3, zmadf3-1, and zmadf3-2 proteins were expressed in E. coli and the protein purified as described in ref. 9 . Actin from rabbit skeletal muscle was prepared as described in ref. 38 and recombinant human actin depolymerizing factor prepared as in ref. 17 .
Falling Ball Viscometry. Falling ball viscometry was performed as described in ref. 38 . Actin (10 M) was mixed with different concentrations of ADF protein and volumes made to 180 l in buffer containing 10 mM Tris⅐HCl (pH 8.0), 0.1 mM ATP, 0.2 mM CaCl 2 , 0.2 mM DTT, and 1 mM NaN 3 . Twenty microliters of 10 ϫ KME (0.5 M KCl͞10 mM MgSO 4 ͞10 mM EGTA) was added, the solution briefly vortexed, and taken up in 100 l capillaries, which were then sealed with Plasticene. After approximately 1 hr, the viscosity was measured by timing the velocity of steel ball bearings (Atlas Ball-Bearing, Birmingham, U.K.) falling through the solutions.
G-Actin Binding Assay. Binding to G-actin was monitored by native gel electrophoresis and using a 1:1 molar ratio of actin to ADF as described (39) . Ten percent polyacrylamide gels were run at 200 V in the presence of 2 mM dithiothreitol and 0.2 mM ATP in both the gels and the running buffer. ADF and actin were each loaded at a concentration of 12 M.
Cosedimentation Assay. F-actin and ADF (both 10 M) were incubated for 20 min in 12 mM Tris⅐HCl (pH 7.0), 50 mM KCl, 1 mM MgCl 2 , 1 mM EGTA, 0.2 mM ATP, 0.5 mM DTT, 0.2 mM CaCl 2 , and 1 mM NaN 3 . After sedimentation at 100,000 ϫ g for 15 min in a Beckman TLA100 centrifuge (40) , aliquots from the supernatant and pellet, resuspended in a volume of buffer equal to the supernatant, were analyzed by SDS͞PAGE as described in ref. 41 .
Polymerization Assay. The effects of ADF on the rate of nucleated actin polymerization were measured as follows: ADF was mixed with 10 M F-actin for 20-30 sec and the mixture added to 5 M G-actin (including 0.5 M pyrenyl actin) at 1.25 M F-actin in buffer containing 10 mM Tris⅐HCl (pH 8.0), 0.2 mM ATP, 0.2 mM CaCl 2 , 1 mM DTT, and 1 mM NaN 3 ͞1 mM MgCl 2 ͞100 mM NaCl. The value for k obs (the rate constant for the exponential rise in fluorescence) was measured as described previously (17) . The k obs values reflect both the number concentration of filaments (i.e., extent of any severing) and the rate constants for assembly at the two filament ends.
Depolymerization Assay. The effects of ADF on the rate of actin depolymerization were measured as described previously (17) . F-actin (8 M) (nucleated with 80 nM gelsolin and containing 1 M pyrenyl actin) was diluted to 200 nM actin under depolymerizing conditions in buffer containing 10 mM Tris⅐HCl (pH 8.0), 0.2 mM ATP, 0.2 mM CaCl 2 , 1 mM DTT, and 1 mM NaN 3 . ADF was added after about 60 sec and the rate constant for the exponential fluorescence decrease measured as a function of ADF concentration. The k obs values reflect both the number concentration of filaments and the depolymerization rate constants.
RESULTS
Consensus Sequence for Actin Depolymerizing Factor. The deduced amino acid sequences of all the known actin depolymerizing factors were compared, and this revealed that only nine amino acids are fully conserved across phylogeny (Fig.  1A) . This implies that these amino acids are important for ADF structure and function. Thus far, specific roles have been attributed to the residues equivalent to maize ADF3 Ser-6 and Lys-100 (22, 26, 27) . We mutated the triplets encoding the two maize ADF3 tyrosines, Tyr-67 and Tyr-104, to analyze their contribution to ADF function. In the sequence alignments shown in Fig. 1B , the equivalent destrin (16) and yeast cofilin (12) tyrosines are at positions 82 and 117 and at positions 64 and 101, respectively. In addition, maize ADF3 showed 66% and 83% similarity with destrin and yeast cofilin, respectively.
Generation of Two Mutant Maize ADF3 Proteins, zmadf3-1 and zmadf3-2. In the mutant zmadf3-1, the Tyr-103 and Ala-104 were replaced by phenylalanine and glycine, respectively (Fig. 1 A) . These are conservative substitutions and the reason for changing the alanine to glycine was to make a convenient restriction enzyme site for cloning. Ala-104 is not conserved in all 12 actin depolymerizing factors compared; the equivalent positions in actophorin (42) and Drosophila melanogaster ADF (43) are threonine and serine, respectively. In zmadf3-2, Tyr-67 and Tyr-70 were substituted by phenylala- (Fig. 1 A) . These are conservative substitutions with the principal difference being a loss of the hydroxyl group. The tyrosine at position 70 is not conserved in all actin depolymerizing factor sequences; indeed, phenylalanine is present at this position in actophorin, D. melanogaster ADF, Caenorhabditis elegans ADF1 (44), and in lily and Brassica napus ADF sequences (45) . The recombinant proteins were prepared as described previously (9) . The stabilities of the proteins in comparison to ZmADF3 were monitored by the effects of urea denaturation in the intrinsic fluorescence and by circular dichroism spectra to ensure that these mutations did not introduce any significant structural changes (data not shown). Effect of Maize ADF3 and the Mutant Proteins, zmadf3-1 and zmadf3-2, on the Viscosity of Actin. Maize ADF3 causes a dramatic reduction in the viscosity of F-actin (9) as shown in Fig. 2 . In comparison, zmadf3-1 has no effect and zmadf3-2 only a small effect on the viscosity of F-actin under similar conditions. These data suggest that the mutant proteins have little or no effect in disrupting actin filaments.
Binding of Maize ADF3 and the Mutant Proteins, zmadf3-1 and zmadf3-2, to G-Actin. The ability of each of the three recombinant proteins to complex with G-actin was assessed using native gel electrophoresis. G-actin and each of the maize ADF proteins migrate as single bands on nondenaturing gels in the presence of ATP (Fig. 3) . A mixture of G-actin with either maize ADF3 or zmadf3-2 gives a major band of intermediate mobility with little unbound actin migrating at the position of the control. In comparison, a mixture of G-actin and zmadf3-1 gives only a minor band of the complex, with most of the actin and the ADF migrating as in controls. There was some smearing of both the zmadf3-1 and actin bands toward the position of the complex, suggesting partial dissociation during electrophoresis. These data suggest that zmadf3-1 binds weakly to G-actin, whereas zmadf3-2 has an affinity for G-actin similar to maize ADF3.
Binding of Maize ADF3 and the Mutant Proteins, zmadf3-1 and zmadf3-2, to F-Actin. Binding of the three recombinant proteins to F-actin was compared by cosedimentation at pH 7.0. As described previously (9) and shown in Fig. 4 , maize ADF3 cosediments with F-actin at 100,000 ϫ g, although a small proportion of the ADF3 is present in the supernatant, probably complexed with G-actin. In contrast, the majority of zmadf3-1 does not cosediment with F-actin, nor is there any significant release of actin into the supernatant as compared with control actin. zmadf3-2 does not cosediment with F-actin, but there is increased actin in the supernatant together with 
FIG. 2.
Effect of ZmADF3, zmadf3-1, and zmadf3-2 on the viscosity of polymerizing actin. Actin (10 M) was polymerized for 1 hr in the presence of increasing concentrations of each of the three proteins and the viscosity measured. ZmADF3 (E) reduces the low shear viscosity of F-actin, whereas zmadf3-1 (Ç) has no effect and zmadf3-2 (ᮀ) a minor effect.
FIG. 3.
Native gel electrophoresis showing either ZmADF3, zmadf3-1, or zmadf3-2, and G-actin run separately or as a mixture. ZmADF3, zmadf3-2, and G-actin migrate as single bands, whereas a mixture of either ZmADF3 or zmadf3-2 with G-actin gives a major new band of intermediate mobility. The zmadf3-1 protein migrates as a single band, but a mixture of this protein and G-actin results in a minor band of intermediate mobility.
the zmadf3-2. These data suggest that zmadf3-1 binds weakly to F-actin and zmadf3-2 does not bind at all. However, because zmadf3-2 sequesters G-actin, this would explain the release of actin into the supernatant in the sedimentation profile. Similar results were obtained when the mutant proteins were used in cosedimentation assays at pH 7.5 and pH 8.0 (data not shown).
Effects of the Different ADFs on the Kinetics of Actin Assembly and Disassembly. Spectrofluorimetry using pyrenyl labeled actin (17) has been used to compare the effects of maize ADF3, human ADF, and the two mutant ADFs, zmadf3-1 and zmadf3-2, on actin polymerization and depolymerization. Maize ADF3 increases the elongation rate using F-actin nuclei and shows a higher activity in this assay than human ADF (Fig. 5A) . In contrast, the two maize mutant proteins had no significant effect on the elongation rate constant.
Maize ADF3 also accelerates the depolymerization rate constant of gelsolin nucleated filaments, again in a manner similar to human ADF (Fig. 5B) . The two mutant maize ADFs were much less effective in this assay; zmadf3-1 gave 12% and zmadf3-2 15% the activity of maize ADF3. Taken together, these results are consistent with an ineffective interaction of either of the two mutant proteins with F-actin.
DISCUSSION
The experiments reported here show that maize ADF3 binds quantitatively to both monomeric and polymeric forms of rabbit skeletal muscle actin in a manner similar to human ADF. Furthermore, maize ADF behaves like human ADF in assays that have been developed previously to monitor both the weak severing activity of ADF and its effects on the depolymerization rate at the pointed ends of filaments (46) . Indeed, in these two assays shown, the maize ADF3 showed somewhat higher activity than human ADF, but we have noted considerable variation in these assays between different ADF preparations and obtained
FIG. 4.
Sedimentation of either ZmADF3, zmadf3-1, or zmadf3-2, and F-actin separately or as a mixture. At 100,000 ϫ g, ZmADF3, zmadf3-1, and zmadf3-2 alone remain in the supernatant, whereas the F-actin is pelleted (a small proportion of unpolymerized actin is present in the supernatant). When mixed together most of the ZmADF3 protein cosediments with the actin, with a small proportion released into the supernatant. Most of the zmadf-1 protein remains in the supernatant with only a little cosedimenting with actin. The zmadf3-2 protein remains solely in the supernatant with some actin being released into the supernatant. 
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Plant Biology: Jiang et al. Proc. Natl. Acad. Sci. USA 94 (1997) even higher values for human ADF at pH 6.5 than those of maize ADF3 at pH 8.0 (A.G.W., unpublished data). In contrast to the actin binding properties of maize ADF3, the two mutants, zmadf3-1 and zmadf3-2, show distinctive properties. zmadf3-1 binds weakly to both G-actin and F-actin in all assays used, whereas zmadf3-2 binds to G-actin in a manner similar to maize ADF3 but shows no binding to actin filaments in the sedimentation assay and has little effect on the low shear viscosity under polymerizing conditions. The effects of these mutants on the kinetics of actin filament assembly and disassembly are fully consistent with these conclusions. The fact that the two mutants have no effect on actin nucleating potential (Fig.  5A) , which is considered a measure of severing activity (17) , is consistent with the absence of stable filament binding. The small effect in increasing the depolymerization rate of capped filaments (10-15%) of ZmADF3) suggests that there may be some residual effect on filament disassembly at the pointed ends. Carlier et al. (47) have recently demonstrated that the principal effect of ADF͞cofilin on F-actin is to increase the rate of treadmilling by accelerating pointed end disassembly.
The recent structural determination of destrin (32) and yeast cofilin (33) has enabled us to analyze the effects of these amino acid substitutions in relation to the three-dimensional structures of ADF. The longest region with the highest similarity between maize ADF3 and destrin (Fig. 1B) is from maize ADF3 Lys-39 to Arg-137 (equivalent to Lys-53 to Lys-151). The similarity is 83%. The major differences between the two proteins can be accounted for by three small deletions in the N-terminal 39 amino acids of maize ADF3. The N-terminal region of destrin includes a phosphorylation site (26, 27 ) and a nuclear localization signal (35) . The putative phosphorylatable serine is conserved in maize ADF3 and we have recently demonstrated that maize ADF3 can be phosphorylated in vitro by plant cell extracts (P.J.H., unpublished data). However, the nuclear localization signal is part of one of the three deletions. In addition, the maize protein is truncated at the C terminus compared with destrin, but this truncation is beyond the end of the final helix of yeast cofilin (33) and actophorin (34) .
The results of these experiments cannot be extrapolated quantitatively to the function of these proteins in plant cells, because assays have not been carried out with plant actin. Subtle differences have been reported in the binding of actophorin to Acanthamoeba actin as compared with rabbit actin muscle (48) .
However, these experiments demonstrate almost identical behav- Proc. Natl. Acad. Sci. USA 94 (1997) ior of plant and human ADF controls in their effects on the dynamics of actin disassembly, and the central theme of this paper concerns specific mutations, the relative effects of which are unlikely to differ with actins from different species.
Characterization of zmadf3-1 shows that the loss of the aromatic hydroxyl on Tyr-103 (equivalent to destrin Tyr-117 and yeast cofilin Tyr-101) markedly diminishes binding of maize ADF3 to both monomeric and polymeric actins. The tyrosine residues in destrin and yeast cofilin corresponding to Tyr-103 have little surface accessibility (3 Å 2 and 18 Å 2 , respectively). However, the adjacent alanine is surface exposed (Ϸ70 Å 2 for each protein), but has not been implicated in actin binding and is not conserved in sequence comparisons (frequently being replaced by serine or threonine). Although Tyr-117 is at the center of the long helix (Fig. 6) , which Hatanaka et al. (32) have suggested may form part of the actin binding face of destrin, the hydroxyl group points away from the putative actin binding surface, inwards and towards the core of the molecule. This can readily be seen in the stereo image in figure 1 of ref. 34 ). An Ala to Gly mutation at position 118 should have little impact on the overall structure of the helix, although it might enhance the flexibility of the type I ␤-turn, which has been reported to distort the long ␣-helix in the actophorin structure (34) . Distortions of this helix have also been reported for destrin and yeast cofilin (32, 33) and models for the cofilin binding sight on F-actin emphasize the possible significance of this distortion (49) . We are unable therefore to unequivocally account for the loss of actin binding by this mutant.
Analysis of the zmadf3-2 mutant has demonstrated that loss of the aromatic hydroxyl groups from Tyr-67 and Tyr-70 (equivalent to destrin Tyr-82 and Tyr-85 and yeast cofilin Tyr-64 and Tyr-67, respectively) results in an inability of maize ADF3 to bind F-actin, but no loss in G-actin binding. The tyrosine residue corresponding to maize Tyr-67 is totally inaccessible to the surface in both destrin and cofilin, and there is also minimal exposure of the residues corresponding to maize Tyr-70 (Ϸ6 Å in both cases). Examination of the structure of destrin shows that the hydroxyl of Tyr-82 points toward the carbonyl oxygen of Tyr-117 (2.61 Å, 99.5°angle, Fig. 6 ), i.e., within hydrogen bonding distance. This is also true for the corresponding tyrosine residues in yeast cofilin (2.77 Å, 113°angle). A hydrogen bond within this position would help stabilize the location of the long ␣-helix in relation to the underlying ␤-sheet. The aromatic hydroxyl of Tyr-85 has no nearest neighbor and the R-group is directed away from the putative functional domain. This side chain is shown to form part of the hydrophobic core in the structure of actophorin, which stabilizes the central ␤-sheet and the overall molecular fold. In many ADF variants it is replaced by phenylalanine, which would be equally effective in this role.
The data presented here show that the F-actin and G-actin binding properties of ADF can be uncoupled by mutation of conserved tyrosine residues in zmadf3-2. Taking into account the chemical crosslinking studies, mutation analysis, and peptide competition studies that have identified the region from Trp-104 to Met-115 and Asp-122 to Leu-128 as actin binding regions (22, (29) (30) (31) , we propose that both G-actin and F-actin binding require the ␣-helical domain determined by the primary structure from Trp-104 to Leu-128 in destrin, but only F-actin binding requires the tertiary structure afforded by the hydroxyl of Tyr-82 ''holding'' the ␣-helix in an essential conformation.
